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Plasma-based accelerators can sustain accelerating gradients on the order of 100 GV/m. If the
plasma is not fully ionized, fields of this magnitude will ionize neutral atoms via electron tunneling,
which can completely change the dynamics of the plasma wake. Particle-in-cell simulations of a
high-field plasma wakefield accelerator, using gdwric code[D. L. Bruhwiler et al,, Phys. Rev.

ST Accel. Beamd, 101302(2001)], which includes field-induced tunneling ionization of neutral Li

gas, show that the presence of even moderate neutral gas density significantly degrades the quality
of the wakefield. The tunneling ionization model @oriC has been validated via a detailed
comparison with experimental data from the 'OASIS laborafdyP. Leemangt al, Phys. Rev.

Lett. 89, 174802(2002]. The properties of a wake generated directly from a neutral gas are studied,
showing that one can recover the peak fields of the fully ionized plasma simulations, if the density
of the electron drive bunch is increased such that the bunch rapidly ionizes the ga&003©
American Institute of Physics[DOI: 10.1063/1.1566047

I. INTRODUCTION Stanford Linear Collider(SLC), or some future linear
electron—positron collider, in a distance of order ten meters,
Plasma-based accelerators have demonstrated acceler@ith an average accelerating gradient of roughly 10 GV/m
ing fields in excess of 100 GV/rfor a review, see Ref.)l  and peak fields on the order of 30 GV/m. This “plasma af-
which is two to three orders beyond that of conventionalterburner” could potentially enable detection of the Higgs
technology. The acceleration field in a plasma wakefield acparticle at the SLC.
celeratorPWFA)?3is generated by a relativistic electréor We present two-dimensioné2-D) particle-in-cell(PIC)
positrorf) beam that is injected into a plasma. The self-fieldssimulations of PWFA configurations relevant to the plasma
of the drive bunch excite a wakefield, or electron plasmaafterburner concept. These simulations are conducted using
wave (EPW), that propagates behind with a group velocity the codeooric'?*2 which includes the physics of tunneling
close to the speed of light, According to linear theorythe jonization. There have been many contributions to the qua-
wakefield amplitude is maximum whek,o,~2"2 where siclassical calculation of tunneling ionization probability
o is the rms bunch length, ark,=2m/\ is the plasma rates in atoms and iort;*® as well as some controversy
wave number. A trailing electron bunch can be accelerategegarding precedencé The probability rate implemented in
by the longitudinal electric field and focused by the trans-oopicis taken from Eq(1) of Ref. 17, which we refer to as
verse electric field of the EPW. the Ammosov—Delone—Kraino@ADK) model. Our results
Recent experimentéE-157 and E-1627° at the Stan-  show that field ionization has a dramatic impact on the dy-
ford Linear Accelerator Cente(SLAC) have studied the npamics of the EPW. The ADK model ioopric has been
physics of the PWFA in the nonlinear “blowout” regitfe  validated via a direct comparison with experimental data
using a 30 GeV electron beam in a meter-long plasma. Ifrom the 'OASIS laborator§® of Lawrence Berkeley Na-
these experiments, the plasma was produced by partially ionjonal Laboratory(LBNL).
izing (roughly 10% the neutral gas in a Li oven, using @a In Sec. II, we briefly discuss the ADK model and ion-
long focal length UV lasef193 nm). By enhancing the drive ization probability rates. In Sec. Ill, we present comparisons
electron beam and plasma parameters, the PWFA has begi experiments on ionization-induced blue-shifting of laser
proposed' as a method for doubling the beam energy of thepulses. In Sec. IV, we discuss the baseline case of a PWFA
with no tunneling ionization. We then show in Sec. V that the

apaper KI1 6, Bull. Am. Phys. Sod7, 182 (2002. electric fields of the drive beam and the EPW will fully ion-
nvited speaker. ize much of the background Li gas. If the gas is only 10%
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preionized, as in the case of the E-157 and E-162 experi- Equation(2) is a quasistatic result, which assumes that
ments, then the wake is completely disrupted. Finally, inthe external electric field changes slowly compared to time
Secs. VI and VII, we show that the drive beam can simultascales of interest. Reference 17 emphasizes a time-averaged
neously ionize the plasma and create a strong EPW, but onlariation of Eq.(2), which would be appropriate for simula-
if the beam density is increased sufficiently. Our conclusiongions of linearly polarized electromagnetic fields that use an
are presented in Sec. VIII. envelope approximatiofi.e., do not time resolve the high-
frequency oscillations For time-explicit PIC codes like
0OPIG the quasistatic formula is appropriate, because any
II. THE ADK TUNNELING IONIZATION MODEL time variation of the electric fields is fully resolved.
Another subtle issue regarding the ADK tunneling ion-
A number of formulas for the field-induced ionization jzation rate formula arises from the use of Stirling’s formula
rate of ions and neutral atoms have been derived theoretip approximate the Gamma functidh Two Gamma func-
cally. Several of these analytical models have been recentjons arise in the calculation of the coefficies« « in Ref.
summarized by Bauer and Mulsrférwho compared them 17, where they are replacédithout any discussiorby only
with a numerical solution of the time-dependent Sdimger  the first term of the well-known Stirling expansion. It has
equation(TDSE) for an electron in a Coulomb potential with peen notetf that this unnecessary approximation causes an
a superimposed external electric fiegk{t). Their analysis error that exceeds 10% in the ionization rates for H and He.
shows that the ADK formula for hydrogen agrees well with |n Eq. (2), we have used the assumption that the effective
numerical solutions of the TDSE, for magnitudes of the eX-orbital quantum number for atoms and ions in the ground
ternal electric field no larger than the critical vaffe: state has the formi* =n*—1 [from Eq. (17) in Ref. 17,
Eei= (V2—1)|&]%2 (1) allowing us to present the ionization rate formula with only a

. single Gamma function.
where¢; is the energy of the electron’s unperturbed ground  \we now recast Eq(2) into a more convenient form,

state, from which the transition to the unbound state occursyhere the ionization probability rate is shown to depend only
Equation(1) is presented in scaled atomic units. In Eq. op, the local electric field magnitudé units of GV/m and

(1), Egqe is normalized to the atomic field,= x>m3e®/ 4 the ionization energyin units of eVj of the atom or ion:
~5.14x 10' V/m, while & is normalized to the atomic en-
ergy scaleé,=x’me*/%2~4.36x10 18] (or ~27.2 eV. 4" £ (eV) 32 ey | 20" 1
Wi MKS units f led tities, such as Planck’ “1y~1. S 5=

e use units for unscaled quantities, such as Planck's W(s™)~1.52x 10" T (2n%) (2 E[GV/m]

constant, the electron mars,, and electron charge Fur-
ther, we use<= 1/4me, Wheree is the permittivity of free &2ev) )

space. o X exp{ - 683m
For very strong external electric fields, such that

>Egrit, the ionizing mechanism is not tunneling, but barrier| jkewise, the effective principal quantum number can be
suppression ionizatioriBSI). It has been shovfh that a written in the formn* ~3.6%/£M3(eV). Equation(3) is an
simple BSI model can be effectively patched with a tunne|'approximation to the model implemented in thePic code.
ing model, like ADK, yielding a combined model that works For gas densities of order #cm™3 or less, there is no
well for a broad range of electric field amplitudes. Otherpeed to explicitly account for the field energy required to
work? has shown that the ADK model yields better agree-jonize the atoms or ions, because the energy extracted from
ment with experimental data than do other tunneling modelse fields via the standard PIC algorithm, due to acceleration
In the present work, we primarily consider field-induced ion-qf the electrons during the first time step after ionization, is
ization of neutral Li by electric fields smaller thaB.it  much larger than the ionization energy. The code issues a
~18.7 GV/m, thus we do not use a BSI model. warning to the user if the total ionization energy exceeds a
The ADK probability rate for tunneling ionization of the smgj| fraction of the local field energy in a grid cell. For
outermost electron from its ground state energy levéth  yych higher densities, it would be necessary to treat this
orbital quantum numbedrand its projectiorm assumed to be  jssye more carefully, by adding a polarization curfént®
zerg in an atom or ion, is given in atomic units by E@):  which would correctly decrement the electric field during the
4 3 2¢ 2n* — 1 2¢ same time step in which the atoms are ionized.
ﬁ(—) xp( — . (2) We now consider the specific case of Li. Table | shows
n*I'(2n*)\ E SE the ionization energy, the residual charge number, the effec-
Here, W, is normalized to the inverse of the atomic time tive principal quantum number, and the critical electric field
interval 7,=%°/m.e*k?~2.42<10 1" s. A value of unity for Li and Li+. The same information for H, He, Hg Cs,
would indicate 100% ionization during a timg, if the elec- and Cs+ is presented in Table | for the sake of comparison.
tric field magnitude were constant during that interval. Also,Using the values of; andn* for neutral Li, we can recast
£=(2&)?%is a dimensionless parameter, dnds the stan-  Eg. (3) into a simpler form that is specific to tunneling ion-
dard Gamma function. The “effective” principal quantum ization of Li:
numbet’ is defined to ben*=27/(2&)Y? whereZ is the
charge number for the ion after ionizatighe., Z=1 for Wo(s )~ 3.60¢ 10% exp( —85.5 )
ionization of a neutral atom L E>{ GV/m) E(GV/m)/"

()

W,(E)=

4
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TABLE . lonization energy and related quantities for H, He, Li, and Cs. jonization probability rate on the local electric field magni-
tude. Thus, we conclude that tunneling ionization is irrel-

Atom/ion & (eV) z n* Eit (GVImM) ) i

evant to the previous E-157 and E-162 experiments, where
H 13.6 1 1.00 75.3 . : ;
He Py 1 0.746 189 the peak f|elqls were of ordgr 1 QV/m, but- will dominate the
He+ 54.4 2 1.00 602. wake dynamics for future high-field experiments such as the
Li 5.39 1 1.59 18.7 plasma afterburner, where peak fields on the order of 30
é‘* 7329 21 2-88‘;8 gfﬁ-s GV/m are expected.
Cst 251 5 1.47 189, We now briefly consider two related issugd) will

field-induced ionization of L+ be a concern for afterburner
parameters, and2) could other gases be used for future
high-field PWFA experiments? Both of these issues are di-

Equation(4) presents the ionization rate forti>Li+, as a - : : :
) D . ) tly add d by Fig. 2, which sh the fract | ion-
function of the local electric field magnitude in GV/m. For a rec y acaressed by Fg whieh shows the fractional ion

time interval At, during which the field magnitude is con- ization during a smgle PIC time step fqr Li, £ Cs, Cs,
stant, the fraction of neutral Li atoms in the local area that_H’ .ano_l He. The .rlghtmost curve of Fig. 2 shows that the
are ionized during this interval is given B, ~W_;At. |9n|zat|on of Li+ is not a cor?cern,. unless the peak electric
Equation (4) can be used to estimate the relevance offields exceed 200 GV/m; which will not occur for expected
tunneling ionization physics to present and future PWFA exParameters of the proposed plasma afterburner.
periments. We consider a relativistic drive beam of electrons A comparison of the leftmost curve in Fig.(&olid, for
with an rms length ofs,~100um and a total length ot Cs with the neighboring curvédashed, for Li shows that
~60,, which corresponds to a transit time of approximatelythe electric field amplitudes required to ionize Cs are almost
2x 10 *2s. We further suppose that a PIC simulation of thishalf as large as those required for Li. The fourth curve from
beam would use a grid spacing on the order oful®, with  the left (dash—dot shows that ionization of Gs becomes a
atime step on the order o210 *s. concern for peak electric fields exceeding 40 GV/m, which
Figure 1 shows- ;~W,;At, the fractional ionization for  ¢qy|q certainly occur for afterburner parameters. Thus, Cs is

netL)JtraI Li, during a sénglﬁ t(ijme stefgolid C]ljrve and c:curingk an interesting candidate for use in future PWFA experiments.
a beam transit timédashed curvg as a function of pea It would be attractive for future PWFA experiments to

electric field. The dashed curve provides only very roughste gases like H or He, rather than Li or Cs. The third curve

guidance, because the fields vary from zero to their pea . o
value during a beam transit. In contrast, the solid curve i rom the left(dotted in Fig. 2, shows that electric fields on

fairly accurate, because the local electric field does nof® order of 30 GV/m are required to quickly ionize H. The

change significantly during a single time step of the picsecond curve from the riglittash—dot—dotshows that fields

algorithm. on the order of 90 GV/m are required to quickly ionize He.
An examination of Fig. 1 leads to two conclusions for Thus, one could only use H or He for very high-field PWFA

PWFA experiments using Li(1) tunneling ionization be- €xperiments.

comes a concern when the peak fields exceed 4 GV/m, and

(2) there will be 100% ionization of the local Li gas in a

single PIC time step when the local fields exceed 6 GV/m.

The rms length of the drive beam for the proposed after-

burner would be significantly shortér60 um) than that for  1ll. IONIZATION-INDUCED FREQUENCY SHIFTS

the E-157 and E-162 experimerits600 um), but our con-

clusions are insensitive to this difference. Rather, our conclu- To test the validity of the ADK tunneling ionization

sions are dominated by the exponential dependence of theodel in the cod@oric, comparisons were made to experi-

1.E+00 g
S 1.E-02 4
2 1 FIG. 1. The fractional ionization for neutral Li, during
N a single PIC time stefsolid curvg and during a beam
s 1 E-04 ] time step transit time(dashed curve is shown as a function of
s vty 7 T e ..--transit time peak electric field for an electron drive beam with rms
S length 100um. These results, obtained from Ed),
= v show that tunneling ionization of background neutral Li
@ 1.E-06 gas will be a key physical effect for PWFA experiments
- with peak electric fields on the order of 4 GV/m or

larger.
1.E-08

2 3 4 5 6
Peak Electric field (GV/m)
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ments of the 'OASIS Group at LBNL on the ionization- x 10'° rad/s, the waist size is sm with the Rayleigh length

induced frequency shifts in an ultrashort laser pulse traversgpproximatelyR, ~ 141 xm in vacuum.
We conducted 2-D simulations iy slab geometry with

ing a gas plumémm scale lengthfrom a nozzle of a pulsed
J:ct;:;?egti;yeizztrei;eantlssﬁwruzgli?e;ntel_vi\t/ﬁsvs:] V\[:/)?:s:rilldviax as the longitudinal directign, _the direction of.propagation
T T . —of the laser pulse. The polarization of the pulse is alprige
field-induced tunneling ionization of a neutral gas. Tunneling, . .
ionization due to laser pulse propagation in a neutral ga norable coordinate. The pulse is "’W”Che,d from the left
leads to frequency upshiftingblue-shifting of the laser ~Poundary(constant value of) of the simulation box and
pulse as it propagates through the gas, as has been obsenR¥gPagates to the right. The description of how laser pulses
and analyzed by several grou§€8 A nonlinear expression are launched ioricis given by Bruhwileret al*®

OoPIC has a moving window algorithm that enables

for the frequency upshift has been derived analyticalige-
cently, Leemanst al. have proposed and used ionization- propagation of the laser pulse over a distance greater than the

induced blue-shifting as a method for determining optimizedongitudinal length of the simulation box. The laser pulse in

compression of the laser pulses in a chirped-pulse amplificahe simulations has a Gaussian profile along the transverse
directions and a half-sine along the direction of propagation.

tion laser systeri®3°

The tunneling ionization has important ramifications t0The half-sine along differs from the shape of the pulse in
Fhe intensively studied LWFA concept. In particular, 'the. qud—the experiments, but this choice was made to keep the simu-
N9 edge of the Iaser_ pulse can steepen due to lonizationzinn hox of manageable size, both in terms of available
induced pump depletion, which can seed and enhance trEPU time and memor
self-modulation instability* Also, electron density gradients - Y- S
in the transverse wings of the pulse refract some energ%/_ ITh((je Ii)ng|tud|nal adn(;j t_ransverse ﬁr 'dl S|Zes are, re§plec—
away and modify the transverse profile via ionization in—r';’secsl’l*ﬂic))(n_g]fi%‘;\rrdi;‘ Tﬁe_ (():.c?lﬁ:r{tEolr?di?iinsr;%:tsbiagz

duced refractior?

The tunneling ionization model implemented in the isfied by the time step, leading tht=1.2x10"'° s and time
oopic code has been validated for He and-Heia detailed  resolution of 1/¢dt)=31. We did runs with 50, 100, and
comparisons with experimental data from the 'OASIS labo-200 fs FWHM pulse lengths. The grid length aloxg cho-
ratory of LBNL. In particular, the blue-shifting of the spec- sen large enough to provide containment of the laser pulses
trum of a Gaussian laser pulse due to ionization of a neutradnd not to introduce any significant boundary effects. Simu-

He gas jet has been examined via fast Fourier transformgtions were done with a number of grid cels=1024,

(FFT9 of the simulated laser pulse and compared with the536 3072 along and Ny=1024 alongy.
The pulse is initially launched in vacuum and propagated

output of a laboratory spectromefér.
“for approximately one longitudinal grid length, until it is

A He gas jet with a Gaussian profile is used in the ex
pRZrlrlgfngs. I(lets mgth _:_Sh:’ rrr:]rg;(ivr:/]rl:lr(;h |Sa§pp(;c;>r<]|2i1tateliys 222 completely contained in the simulation box. Then the laser
Y gms. 9 y pulse enters the domain of the He gas. The gas profile is a

x 10 cm™3, leading to a peak plasma density of 4 " _ e _
X 10" cm~3. The laser pulse is linearly polarized with a linear ramp increasing in a small ngmber of grid cells glong
Gaussian profile, both transversely and longitudinally. The from zero to a constant gas density equal to the maximum
experiments considered here used moderate intensity las@fs density of the experiments. Once the maximum gas den-
pulses, with a total energy of 20.5 mJ and full width at half-Sity is reached, it is then kept constant for the rest of the
maximum (FWHM) pulse lengths between 50 and 200 fs. simulations.

The laser wavelength is 800 nm, the frequency is 2.355 The pulse is propagated for 12 Rayleigh lengths, which
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1 left at time intervals that are chosen to track features moving

800 : G : at the speed of light; (see Ref. 13 for details
. 5 & a a B : Figure 4b) shows the nonlinear plasma wake or EPW,
700 - s A A . which is driven by the self-fields of the 50 GeV electron
- a o & ] drive beam in a fully preionized plasma. The wake is ap-
A s e ] proximately periodic with period neaxr,. Roughly 56 000

macroparticles are used to represent the plasma, correspond-
: ing to seven particles per cell. Cold electrons are injected
B : from the right boundary, as the moving window algorithm
: follows the drive beam. Particles are removed at the left

10% blue shift (nm)
>

S0 . boundary, which is also a perfect sink for fields.
- The beam macroparticles represenk 20'° physical
4000 . . b : P electrons, which is consistent with typical parameters for the
50 100 150 200 SLC. Given the rms sizes specified above, this corresponds
FWHM pulse length (fs) to a peak number density of,=1.0x 10! cm 3 (approxi-

mately 30 times higher density than in the E-157 experi-
FIG. 3. The 10% blue-shift wavelengthee the text as a function of laser ments. The peak beam density exceeds the plasma density
pulse length(for fixed pulse energy is shown as simulated by thmoric . « ~ . ” '
code(squaresand as measured at the 'OASIS laborat@mnjangles. which corresponds to the “blow-out reglmg, where plasma

electrons are blown completely off-ax{savitate and then

coalesce into a very small volume behind the drive beam.

corresponds to the same integrated gas density as in the ekbis physical picture is shown in Figs(a} and 4b).

periments. Propagating the laser pulses half the distance The extremely large electron density on axis, where the

through the peak gas density helps to keep memory requirepjasma electrons coalesce immediately behind the blowout

ments and CPU times to manageable levels, but this agegdion, leads to a correspondingly large longitudinal electric

proach leads to some important differences, such as selfield componentE,. The surface plot off; in Fig. 4(c)

modulation of the pulses. For each simulation, the integrate§hows strong localized peaks on the=0 axis, spatially

power spectrum of, is calculated via FFT, resulting in separated by, . The field is normalized to the cold, nonrel-

spectra similar to those measured experimentalifjle de-  ativistic wave breaking fieldE,=mgc’k,/e=11.4 GV/m,

fine the 10% blue-shift wavelength to be the wavelength awherek,=2m/\,,.

which the power spectrum first reaches 10% of the 800 nm  The fields exceed,, consistent with the nonlinear dy-

peak value, when moving from the high-frequenshort- namics of the blow-out regime, with a peak value-06.5

wavelength part of the spectrum toward the peak. GV/m. The lineout ofE; alongr =0, presented in Fig.(d),
Figure 3 shows our simulated 10% blue-shift wavelengthshows more clearly the periodicity and the peak values. The

(squares together with experimental measuremerts- magnitude of the peaks is seen to decrease with distance

angles. The simulation results show good agreement withffom the drive beam, corresponding to a loss of coherence in

the data. This quantitative agreement provides confidence i€ plasma wake over time.

the implementation of the ADK model withiaoriC

V. PWFA WITH TUNNELING IONIZATION IN A
IV. PWFA WITHOUT TUNNELING IONIZATION PARTIALLY PREIONIZED GAS

In the following sections, the results aforic simula- The plasma source in the E-157 and E-162
tions in 2-D cylindrical geometry are presented for a PWFAexperiment$ ™ at SLAC was based on a Li oven in which
with parameters relevant to the plasma afterburner concepthe Li gas was 10% preionized using a long focal length
The 50 GeV electron drive beam, shown in Figa)4has a laser. Given a preionized plasma density of< 4 cm 3
Gaussian distribution with rms radivs =20 um and length  for the proposed afterburner, this implies a neutral Li density
0,=63 um (compared too,=35um and o,=600um in  of 1.26x10' cm 3. We now consider simulations of this
typical E-157 experiments The total beam lengthL scenario, using the same drive beam parameters, with tunnel-
=60, is slightly larger than the plasma wavelenght}, ing ionization effects included, and find that the plasma wake
=282 um, which corresponds to a plasma density=1.4  is severely disrupted. Here the tunneling ionization is due to
X 10 cm™2 (approximately 100 times higher density than the large space charge field associated with the high-density
in the E-157 experimenksThe spatial dimensions in Fig. 4 electron bunch.

are normalized to\,. The grid size isAz=Ar=7.5um. In Fig. 5@a), which shows the plasma wake, the spatial
Roughly 34000 macroparticles are used to represent th@imensions are normalized 1q,=89 um, corresponding to
beam, for an average of 80 particles per cell. a total plasma densitg,=1.4x 10" cm™3. The preionized

A “moving window” algorithm enables the simulation plasma is represented by seven macroparticles per cell. Up to
to follow the electron beam for long times, while using a grid27 Li*/e” pairs are created in each cell, where tunneling
that is just large enough to model the beam and the followingonization of the neutral Li occurs.

EPW. This algorithm follows the rightward propagating Figure 8b) shows the corresponding lineout of the lon-
beam by shifting all particles and fields one grid cell to thegitudinal electric fieldE, along r =0, zooming in on the
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FIG. 4. (Color (a) The 50 GeVe™ drive beam, shown here in cylindrical geometry, has a Gaussian distribution with rms caei®9 um and length

0,=63 um, with a total lengtiL =60, of approximately one plasma wavelength. The spatial dimensions are normalizec\{p=282 um, corresponding

to plasma densityp,=1.4x 10'6 cm™3. The grid size is\z=Ar=7.5um. Roughly 34 000 particles are used, for an average of 80 particles peibgdlhe

nonlinear plasma wake, driven by the self-fields of the 50 @e\drive beam, is approximately periodic, with a period equal to the plasma wavelepgth

Roughly 56 000 particles are used, corresponding to seven particles per cell. Acpldsma is injected from the right boundary, as the moving window
algorithm follows the drive beam, which propagates at the speed ofdigturticles are removed at the left boundécy.This surface plot of the longitudinal

electric fieldE,, due to both the electron beam and the resulting plasma (mkedlominated by the walkeshows strong localized peaks on the0 axis,

spatially separated by, . The field is normalized to the cold, nonrelativistic wave breaking e meczkp/e= 11.4 GVIm, wherek,=27/\,. The fields

exceedE,, showing that they are nonlinear, with a peak value-d6.5 GV/m.(d) This lineout ofE, alongr =0 shows more clearly the periodicity and the

peak values. The magnitude of the peak values decreases with distance from the electron beam, corresponding to a loss of coherence in the piEasma wake ov

time.

region near the drive beank, shows periodicity with the These afterburner simulations showed that impact ionization

new shorter plasma wavelength, which is physically correctand scattering by plasma electrons did not significantly

The field is normalized to the new, larger wave breaking fieldmodify the plasma wake. However, impact ionization by the

E,=36.1 GV/m. The peak fields are smaller tHap, show-  beam electrons created secondary electrons within the blow-

ing a linear plasma response, which is consistent with theut region, which were all trapped and quickly accelerated to

fact that the peak beam density is now smaller than theery high energies.

plasma density. We note, however, that the peak field in Because the effects of tunneling ionization are so strong

physical units is approximately 13 GV/m, which is not very in this regime, it is unclear how important self-trapping due

different from the peak fields for the ideal case shown in Figto impact ionization will be. We have not yet done a careful

4, study of PIC simulations with both tunneling and impact
We note that electron-impact ionizatigby the drive  ionization included. However, the issue of self-trapping in

beam and by electrons in the wakend electron—neutral future PWFA experiments is very important and merits fur-

scattering can play an important physical role in beam-ther exploration.

plasma interactions. Theopric code includes relativistic im-

pact and scattering algorithm$which have been used to VI. PWFA WITH TUNNELING IONIZATION IN A

simulate the afterburner conceptith parameters very close NEUTRAL GAS

to those used in this section, but in the absence of tunneling The results of the previous section show that the electric

ionization and also to model a plasma lens experin#ént. fields of the drive beam are large enough to ionize the neutral
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FIG. 5. (a Given a preionized plasma density of x40 cm 2 and a  FIG. 6. (a) Given a neutral Li density of 1:410' cm™2 with no preionized
neutral Li density of 1.2610' cm 3, the plasma wake is severely dis- plasma, the plasma wake generated by the ionized electrons is incoherent.
rupted. The spatial dimensions are normalized e-89 um, correspond-  The drivinge™ beam has the same parameters as shown in Fag.4p to

ing to a total plasma density,=1.4x 10*” cm™3. The preionized plasmais 27 Li*/e” pairs are created in each cell, where tunneling ionization of the
represented by seven particles per cell. Up to 27&i pairs are created in  neutral Li occurs(b) This lineout of the longitudinal electric fiell, along
each cell, where tunneling ionization of the neutral Li occuio$.This lin- r=0 shows that the incoherent wake seef@incannot sustain large electric
eout of the longitudinal electric fielt, alongr =0 shows periodicity with  fields. The field is normalized to the cold, nonrelativistic wave breaking field
wavelength \,, corresponding to the total plasma density of 1.4 E,=11.4GV/m. The fields do not exceds,, showing a linear plasma
X107 cm 3. The field is normalized to the cold, nonrelativistic wave response.

breaking fieldE,=36.1 GV/m. The fields do not excedg|,, showing a

linear plasma response.

VIl. PWFA WITH HIGHER-DENSITY DRIVE BEAM AND
NEUTRAL GAS

. S . . . . The results of the previous section suggest that it is im-
Li gas, which 'S, consistent with the analysis .pre.sented "_bortant to ionize the Li gas as quickly as possible. This can
Sec. II. Hence, it may be unnecessary to preionize the Lign|y he accomplished by increasing the self-fields of the
which would greatly reduce the cost and complexity of fu-peam, which implies that one must increase the number den-
ture high-field PWFA experiments. We now consider thissijty of electrons in the beam. The number density can be

possibility. raised by increasing the total number of electrons or by de-
Simulations using the same drive beam parameters dereasing the physical dimensions and o, .
scribed above, with a neutral Li density of X40° cm™3 We now consider a 50 GeV electron drive beam, con-

and no preionized plasma, show significant ionization of thdaining 2x 10 electrons in a Gaussian distribution with rms
gas, but the resulting wake generated by the secondary elef@dius o, =10 um and lengtho,=30 Am, Y"3h'°h_ implies a
trons is incoherent. The wake is shown in Figa)6Up to 27~ Peak number density ofi,=8.5x 10" cm®. Figure 7a)
Li*/e~ pairs are created in each cell, where tunneling ion_shows the resulting plasma wake, which is considerably less

ization of the neutral Li occurs. Figurgl§ shows a lineout structured than the idealized vyake shown in Figp)4and
also decoheres much more quickly.

of the I.ongitudinal electric fieldE, alopgr=_0. The figld ig Figure 7b) shows a lineout of, alongr =0, for which
normalized to the same wave breaking field used in Fig. 4gne sees that the initial peak value is very nearly as large as
E,=11.4 GVIm. The fields do not excedd,, indicating @ s shown in Fig. 4d) for the ideal case. The field is normal-
linear plasma response, because the electrons are not creaiggd to the cold, nonrelativistic wave breaking fiek),
quickly enough through ionization to respond resonantly to=11.4 GV/m. The fields exceell,, showing an initially

the drive beam. nonlinear plasma response.
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plasma electrons are “sucked-in” for positron drivées op-
posed to blown-out for electron drivers

It was shown in Ref. 4 that hollow plasma channels can
enhance the amplitude of the positron wakes. It was further
suggested that a hollow plasma channel can be made by UV
ionization of a long gas column by a laser for which the
center is blocked. This method, however, would result in a
plasma channel in which the center is filled with neutral gas.
Given the results presented here, such a channel would be
unacceptable for intense positron drivers for which tunneling
ionization would occur.

100 : e A iasazans VIIl. CONCLUSION
: | The codeoopric has been upgraded to include both field-
05 C NN :
f /\\ and particle-induced ionization effects. In the case of field-
00! NW/ \ = induced ionization by an intense laser, the code has been
5: ) \\ ; benchmarked against experiméfitsconducted at the
: 'OASIS facility. The spectra of ionization induced blue-
-0.5 f . . .
shifting of an intense laser beam propagating through an ini-
10k tially neutral helium gas were computed and found to com-
U pare very weft® with experimentally measured spectra.
5] . . We have shown for the first time that field-induced tun-
0 1 2 3 4 5 neling ionization is a critically important effect in proposed
(b) z/4, high-field PWFA experiments such as the plasma afterburner

concept. Our results show that one must operate in one of
FIG. 7.(a) The nonlineqr plasma wake, driven by the self-fields ofas.ho!’ter,two regimes in order to obtain a high—quality plasma wake:
narrower 50 GeVe™ drive beam, becg@es _completely decqherent in justwork with a 100% preionized plasma and negligible back-
two plasma wavelengths. Up to 27lle~ pairs are created in each cell, .
where tunneling ionization of the neutral Li occut) This lineout of, ~ 9round neutral gas, or else work with neutral gas only and
alongr=0 shows the peak values decrease rapidly with distance from théncrease the peak number density of beam electrons to the
electron beam. The field is normalized to the cold, nonrelativistic wavepoint where the drive beam can simultaneously ionize the
brea_king fieldE,=11.4 GV/m. The fields exceel,, showing an initially gas and generate a strong wake.
nonlinear plasma response. " . . L
The first approach is not practical, because it is very
difficult to reliably generate a 100% ionized plasma over a
distance of several meters, as would be required for the af-
terburner concept. The second approach increases the burden
Subsequent peaks B, decrease rapidly with distance on the linear accelerator producing the drive bunch, but it has
from the electron drive beam, but this is not important, forthe excellent benefit of removing the need for a laser system
the following reason. In the plasma afterburner concept, théo preionize the gas. This exciting result, which emerged
witness beam and the drive beam will be created from thérom numerical simulations using the 2-D PIC codePic,
same initial electron bunch and will follow closely in time shows how to reduce the cost and complexity of future high-
such that the withess beam is accelerated by the first electrieeld PWFA experiments.
field peak of the wake from the drive beam. In the present  These results strongly suggest important areas for future
work, we consider only the drive beam, but the withess beamvork. The long-time evolution of electron and positron beam
would be located just in front of the first peak ity. Thus,  drivers for future PWFA experiments must be simulated, in
the simulation results presented in Fig. 7 suggest veryrder to understand how tunneling ionization will erode the
strongly that future PWFA experiments could dispense witheading edge of such beams. The radial electric field of the
preionization of the Li gas, if the number density of the drive plasma wake can very tightly compress a drive beam in the
bunch can be made sufficiently large. radial direction, which, in turn, will greatly increase the self-
The above results on the PWFA have been concernefields of the beam. Thus, it may be possible to preionize only
with the case of the blowout regime for intense electronthe leading edge of a long gas cell for PWFA experiments, in
beam drivers. In electron—positron collider applications, itsuch a way that the drive beam will be compressed to the
would be very beneficial if large-amplitude wakefields couldpoint that it can then self-ionize the neutral gas for the re-
also be generated with positron beam drivers. Positronmaining length of the gas cell. This concept merits study.
beam-driven wakefields have been simuldtedglecting the  Also, the general problem of how tunneling ionization ef-
effects of ionization. This work showed that, for an initially fects modify the wake generated by positron beam drivers
homogenous plasma, nonlinear positron wakes are smallahould be simulated. Finally, the differences between tunnel-
than corresponding electron wakes due to the fact that thimg ionization in Cs, rather than Li, should also be explored.
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